Abstract New relationships between modified Mercalli intensity (MMI) and engineering ground-motion parameters are developed for Greece. The ground-motion parameters investigated were peak ground acceleration (PGA), velocity, displacement, Arias intensity, and cumulative absolute velocity. The observed earthquake intensity is quantified in terms of the observed MMI at the recording station and the data set consists of 310 time histories recorded from 89 Greek earthquakes. The selected records were found to be characterized by high-frequency, low-energy content and short duration. Two sets of empirical relationships between MMI and the selected ground-motion parameters were derived. The first set of MMI predictive equations are independent of magnitude and epicentral distance, and they were derived by fitting the mean values of the ground-motion parameters using a weighted least-squares regression technique. The influence of magnitude, epicentral distance, and the local site conditions were incorporated into the second MMI predictive model, resulting in a decrease of the model variance. The lowest standard deviation observed for the first MMI predictive model was for PGA, while for the second MMI predictive model, Arias intensity exhibited the smallest variability. Another finding of the present study was that the local site effect has a little influence on the MMI predictive model for peak ground velocity (PGV). The proposed predictive equations are valid for MMI values IV-VIII, and some of them might be used for rapid assessment of the ground shaking and mapping damage potential.
Introduction
Various macroseismic intensity scales have been developed to quantify the severity of the ground shaking on the basis of observed or felt effects in a limited area. Macroseismic intensity scales are subject to interpretation, due to the wide variation of geological conditions, the response of the structures, the uncertainty related to the construction's condition before the earthquake, the type of construction, and the density of population.
Macroseismic intensity is useful because it provides information for preinstrumental earthquakes. However, a physically based ground-motion measure is needed for engineering purposes. With the advent of instrumental seismology, the correlation between the felt intensity with ground-motion parameters has become a topic of increasing interest. This offers the possibility of transforming readily observed data (intensity) into widely used parameters that are useful for engineering purposes (engineering ground-motion measures), to evaluate the historical earthquakes for which no instrumental data are available, to assess seismic hazard and damages, to correlate different intensity scales, and to rapidly assess the severity of ground shaking (Wald, Quintoriano, Heaton, Kanamori, Scrivner, et al., 1999) .
Until recently, the macroseismic intensity was related most frequently to peak ground acceleration (PGA) because that parameter is important for seismic resistant design, as the product of PGA and mass represents the inertial force loading the structures (Gutenberg and Richter, 1956; Hershberger, 1956; Ambraseys, 1974; Murphy and O'Brien, 1977; McCann et al., 1980; Krinitzsky and Chang, 1988) . In recent years, research on earthquake damage prediction has concluded that some other ground-motion characteristics such as duration, frequency, and energy content all contribute to the structural damage.
Focusing either on regional or worldwide data, many empirical equations have been proposed to relate the felt intensity with peak ground velocity (PGV) (Panza et al., 1997; Wald, Quitoriano, Heaton, Kanamori, 1999; Wu et al., 2003; Kaka and Atkinson, 2004; Atkinson and Kaka, 2007; Kaka and Atkinson, 2007) , duration of ground motion (Trifunac and Westermo, 1977) , response spectra , Fourier spectra (Sokolov, 1998 (Sokolov, , 2002 , cumulative absolute velocity (CAV) (Cabanas et al., 1997; Kostov, 2005) , Arias intensity (I a ) (Margottini et al., 1992) , Housner's spec-Bulletin of the Seismological Society of America, Vol. 98, No. 4, pp. 1863 -1875 , August 2008 , doi: 10.1785 trum intensity, and Japan Meteorological Agency instrumental intensity (Karim and Yamazaki, 2002) .
Previous work in Greece was conducted by Koliopoulos et al. (1998) , who derived empirical regression equations for modified Mercalli intensity (MMI) and various ground-motion parameters such as duration, CAV, I a , characteristic intensity, Housner's spectrum intensity, and total elastic input energy index.
The main goals of the present study are two: (1) to investigate the relationship between duration and energy characteristics of the Greek strong ground-motion data and (2) to analyze the degree of correlation between the selected ground-motion parameters and the observed intensity. An attempt is made to correlate the felt intensity information with the engineering ground-motion parameters derived from strong-motion data recorded in Greece. Structural damage is a complex function of the ground-motion and structural response, and several ground-motion parameters have been investigated. The parameters of interest in the present investigation are PGA, PGV, peak ground displacement (PGD), I a (Arias, 1970) , and CAV (Electrical Power Research Institute [EPRI], 1988) . We have selected I a and CAV because they are simple and efficient ground-motion parameters to measure the earthquake destructiveness potential. As integral groundmotion parameters, I a and CAV are influenced by, and therefore reflect, the amplitude, frequency content, and duration of ground motion (Kramer, 1996) . Moreover, these parameters can be rapidly computed in real or near-real time at the recording station. The rapid availability of such parameters make them potentially useful for plotting the earthquake ground shaking for a certain region. Herein, the felt intensity is reported in terms of most widely used seismic observed intensity scale-the MMI scale. The motivation behind such correlations has been to extend our knowledge on measuring the earthquake intensity and the earthquake damage potential for the region of Greece.
Data Set
We have gathered strong-motion data, recorded in Greece from 4 November 1973 to 7 September 1999. The strong-motion data are available for download from the Internet (www.isesd.cv.ic.ac.uk, last accessed June 2008) for European strong-motion data (Ambraseys et al., 2004) . No additional filtering or correction has been applied to the selected records because they were available in an already-corrected form.
Two orthogonal horizontal components of the recorded motion were used, and it was decided to treat each independently rather than to introduce a vector sum of the two because the maximum values are not realized simultaneously in each component. Therefore, any computed quantities based on summation would be upper bounds of the parameters of interest, thus limiting their practical use (Koliopoulos et al., 1998) . Also, most of the existing predictive relations refer to parameters of single components, and the use of the vector sum in the present work would not facilitate any direct comparisons.
Horizontal components with acceleration amplitudes greater than 10 cm=sec 2 were selected and the observed range for the two horizontal components was from about 10 to 515 cm=sec 2 . The threshold was chosen because earthquake studies indicate that significant damage does not occur until the acceleration amplitudes exceed the 10 cm=sec 2 . The final data set consisted of 310 horizontal components from 89 earthquakes recorded in Greece, and the summary of the selected data set is presented in Table 1 .
The earthquake source parameters of interest were the moment magnitude (M) and the epicentral depth (H). The data set includes records for small to moderate magnitude events, with M ranging from 4 to 6.9. Hypocentral depths of the selected earthquakes are in the interval 0-60 km with a mean of 11.8 km. The recording station parameters that have been considered are epicentral distance (R) and local site geology. Most of the events were offshore and those onshore do not show surface faulting. It was impossible to use a distance-to-fault measure like the closest distance to the fault rupture or to the surface projection of the rupture (Danciu and Tselentis, 2007) .
The epicentral distances cover the range from 1 to 124 km. To characterize the near-surface geology at the recording site, a simplified soil classification was accomplished, based on the shear-wave velocity average over the upper 30 m of the site (V s30 ) reported at the instrument location. The characterization of the local geological conditions is soft soil (V s30 200-360 m=sec)-94 records and average rock (V s30 > 400 m=sec)-216 records. The distribution of the current data set regarding the local soil classification and the earthquake source parameters-magnitude and epicentral distance-is shown in Figure 1 .
Other important properties of the strong ground motion are the duration and frequency content. Among the various duration definitions presented in the literature, we have considered the duration definition proposed by Trifunac and Brady (1975b) and denoted this as significant duration. The significant duration was defined as the time interval over which a percentage (default is the interval between the 5% and 95% thresholds) of the total Arias intensity is accumulated. The significant duration was computed from the acceleration time history, and the distribution histogram of the significant duration for the present data set is presented in Figure 2a . The majority of data have the significant duration concentrated around 8-10 sec.
The frequency characteristic of the motions is investigated with the help of the mean period parameter (T m ) and is illustrated in Figure 2b . T m utilizes the Fourier amplitude spectrum, averaging periods (over a specified period range) weighted by the Fourier amplitudes, and it was preferred because it better distinguishes the frequency content of strong ground motions (Rathje et al., 2004) . The mean period of the selected records is concentrated in the range of 0.2-0.7 sec (i.e., frequency of 1.5-5 Hz). In summary, the present database consists mostly of nonimpulsive records, characterized by high-frequency, low-energy content and short duration.
The macroseismic information associated with each record was provided by the Geodynamic Institute, National Observatory of Athens (GNOA). The institute has been collecting and evaluating macroseismic observations for more than 100 yr, following the questionnaire procedure. The questionnaires are ranked with respect to the MMI scale, and the assessed macroseismic intensities are published in the monthly bulletins. For some earthquakes, the isoseismal maps drawn by an expert's hand are included in the bulletins. Recently, this macroseismic information has been gathered into a macroseismic database developed by Kalogeras et al. (2004) .
The macroseismic information was available partly from the digital database of the web site for European strongmotion data and was partly estimated separately by us from the macroseismic data provided by the GNOA (Kalogeras et al., 2004) . The general criterion was to allocate at each station the nearest MMI values within an uncertainty of one unit to every station. If more than one MMI value was observed near the station location at equal distance, the average of the values was used.
Maps of the reported MMI values together with the strong-motion instrument locations were plotted to obtain M is the moment magnitude, Number MMI is the number of the records with observed or assigned intensity, and R is the range of the epicentral distance. Figure 1 . Distribution of the data set with the regard of magnitude, epicentral distance, and local site conditions. reasonable confidence that the allocated MMI value would be within one unit of the assigned value. This approach provides a rapid visualization of the macroseismic distribution in the area surrounding the recording stations and might be efficient in assigning MMI values to minimize the errors (Atkinson and .
This approach is exemplified in Figure 3a , where the reported MMI values for the M 6:5 1995 Kozani earthquake are plotted together with the locations of the strong-motion recording instruments. This earthquake occurred in northern Greece and severely damaged about 5000 houses. It was unexpected in the sense that the epicentral region was assumed to be of low seismic risk (Hatzfeld et al., 1997) .
It is apparent that the MMI can be assigned with an uncertainty of one-half to one MMI value for most of the stations. For instance, the MMI VII value assigned to the station KOZ was obtained by a simple average from the nearest MMI values observed (e.g., three MMI VII values and one MMI VI value). We note that the volume of the present database was constrained by the limited number of the recording stations in Greece. The distribution of the number of observations in regard to the main sources of assigned MMI values is illustrated in Figure 3b . Moreover, the collected number of MMI values does not cover the low intensity levels from I to IV and the high intensity levels from IX to XII.
Empirical Relationships
The intensity ground-motion parameter relationship is characterized by the large scatter of the observations, the inconsistent distribution of data through the intensity levels, and the subjective nature of the intensity scale (e.g., PGA and PGV data, together with the mean values reported for each MMI level for the two soil categories is plotted in Fig. 4a,b) . From this figure, the irregular distribution of data through the MMI levels can be observed. There are few MMI values of VII or VIII and a large number of MMI values of IV or VI. Moreover, it can be observed that, for intensities less than VII, the mean values of the parameters on rock are slightly higher than those on the soft soil.
This amplification observed on rock might appear to be in contradiction with current engineering ideas about the effect of local site conditions on the ground-motion parameters. A similar trend was observed and explained previously by Ambraseys (1974) , Trifunac and Brady (1975a) , and Murphy and O'Brien (1977) . Their explanation was based on wave attenuation and site transfer functions. However, they have shown that the amplification of the motion on the soft soil might occur at certain frequencies even though the peak motion in the time domain is attenuated.
Thus, this amplification of the lower frequency components could be expected to correlate with higher intensity values, and this can be observed at MMI VII, where the mean values of the parameters on soft soil are higher than those on rock. At the first stage of the intensity ground-motion investigation, we have decided not to deaggregate the soil effect, because the soft soil subset comprises only 30% of the total data set. The scatter diagrams of the mean values of the PGA and PGV samples plotted versus MMI presented in Figure 4 reveal a general linear trend, with values of PGA and PGV increasing as MMI increases. Therefore, the expected linear relationship between the dependent (MMI) and independent (ground-motion parameters) variables is 
( 1) where Y is the average of the ground-motion parameter, b 0 the intercept, b 1 the slope obtained from the linear regression, and ε MMI Y the error term.
For each MMI level, the mean and the standard deviation of the selected ground-motion parameters were computed assuming a lognormal distribution of the data and are summarized in Table 2 . It is important to note that the mean values for the ground-motion parameters were computed from the two orthogonal horizontal components at a site. As it can be observed from the Table 2 , the number of observations at each MMI level is not symmetrical. To overcome this shortcoming, weighted linear regression was used to fit, independently of magnitude and/or distance, the dependent (MMI) and the independent (mean values of each ground-motion parameters) variables. The relative weight assigned to each MMI level was based on the number of observations.
The resulting regression coefficients are presented in Table 3 , except for PGD. We have excluded this parameter from the regression analysis because of the small mean values, less than 2 cm, observed at low intensity levels. These small values observed at low intensities might be indistinguishable from the recording and processing noise. If these observations at low intensities were removed, then the remaining observations at intensity VII and VIII are not enough to empirically derive a reliable MMI-PGD relationship. Thus, we report the PGD mean values associated with each MMI level, but we do not derive an empirical MMI-PGD relationship.
The standard deviation values associated with the regression model for all parameters reported in Table 3 shows that the scatter is large. These equations cannot predict the expected MMI with a precision of better that about one unit in the case of PGA, one unit and a half for PGV, and I a or two units in the case of CAV. PGA shows lower variability (smallest standard deviation value ε 0:73) in predicting MMI. One should bear in mind the present number of observations and the fact that the present database is dominated by highfrequency observations. The large standard deviation values reported for equation (1) suggests a need for improvement of the functional form for the MMI-ground-motion relationship. Figures 5 and 6 illustrate the MMI residuals from equation (1) with respect to the magnitude and distance and the two local soil categories. It can be observed from these figures that the MMI prediction from ground-motion parameters exhibits an apparent dependence on magnitude and epicentral distance. To investigate the significance of these important variables, as well as the effects of the local soil conditions, a more refined functional form of the equation (1) was used:
where MMI Y is the MMI predicted from the Y groundmotion parameter, M is the moment magnitude, R is the epicentral distance, S is a soil category dummy variable 0 for rock sites and 1 for soft soil sites, a, b, m, r, and s are regression coefficients, and ε MMI Y is the error term with mean zero and σ equal to 1.
The regression coefficients were obtained from the data set by using multiple linear regression techniques. The statistical significance of each regression coefficient was tested using the t-test. A probability level of 0.05 was chosen to define the statistical significance, and the results show that the magnitude coefficient, m, is significant only in the case of MMI predicted from PGA. In all of the other cases, the magnitude coefficient m was not significant; thus, the magnitude coefficient was removed from the functional form presented in equation (2). The final form of equation (2) was as follows:
MMI yPGA a b log 10 Y mM r log 10 R sS ε MMI YPGA ; MMI yPGA;I a ;CAV a b log 10 Y r log 10 R sS ε MMI YPGV;I a ;CAV :
The regression coefficients of equation (3) along with the standard errors for each coefficient are listed in Table 4 . Each regression coefficient is statistically significant at a level smaller than 0.05 (p value < 0:05 that the coefficient is equal to zero, using hypothesis testing and the statistical t distribution), except for soil coefficient s for the MMI-PGV relationship. However, we did not remove it due to the fact that the reported p value is small, around 0.077, which means that the coefficient is sufficiently significant to remain in the predictive equation.
A rapid overview of the standard deviation values listed in the Table 4 reveals that the variability in the prediction of the MMI was reduced. The standard deviation values are smaller but still we cannot empirically predict the MMI to better than about one-half to one unit. The smaller standard deviation values are comparable, and the smallest value is observed for I a (around 0.65).
In Figures 7 and 8 , we plot the MMI residuals (observedpredicted) for equation (3) versus magnitude and epicentral distance, respectively. It can be observed that there is no obvious trend between the residuals and the magnitude or distance for both soil categories.
In summary, the MMI prediction from the groundmotion parameters appears to be more significant when other parameters such as magnitude, epicentral distance, and local soil conditions are involved in the predictive model. 
Comparison of the Proposed Relationships with Other Available Relationships
A measure of the agreement between the regression results and the experimental values is provided by comparing the proposed relationships with the other available relationships for the region of interest-Greece. The relationships proposed by Theodulidis and Papazachos (1992) and Koliopoulos et al. (1998) are of main interest, and these studies are representative for the region of Greece. In addition, the studies of Margottini et al., 1992 and Cabanas et al. (1997) were selected to compare the MMI predicted from the I a parameter. The comparison among these studies is difficult due to the different number of observations, different assumptions of the functional form of attenuation, and different regression techniques adopted by various authors to fit the data. Theodulidis and Papazachos (1992) , using 53 records from Greek earthquakes, derived the relationships over the MMI range of IV-VIII for peak ground-motion parameters. The empirical relationships were obtained by fitting all of the data with a two stage least-squares regression technique.
The influence of the local site condition has also been investigated previously and it was found that at a particular MMI level, the peak acceleration gives higher amplitudes on rock while the MMI-PGV relationship was found to be independent of the soil conditions. It is interesting to note that these results are in good agreement with the findings presented in the current study. The study of Koliopoulos et al. (1998) proposed predictive relationships for MMI and various ground-motion parameters, valid for the intensity range IV ≤ MMI ≤ VI when mean values are used and suitable for the interval III ≤ MMI ≤ VIII when the total number of observations were considered.
However, for comparison, we have selected the empirical relationships derived from the total number of observations, because we did not want to extrapolate the MMI over the interval IV-VIII. The majority of the observations under consideration (140 out of 201) were classified as alluvium. A simple linear regression was employed by previous authors to fit the mean and the total number of the observations versus the MMI. Margottini et al. (1992) conducted a correlation between the macroseismic intensity and PGA and I a . The data set consisted of 56 records derived from nine Italian earthquakes that occurred between 1980 and 1990. Table 3 Regression Coefficients of Equation (1) Figure 5 . Residuals (observed MMI-predicted MMI) for predicted MMI from the ground-motion parameters using equation (1) for observations on soft soil (empty circles) and average rock (black circles) as a function of moment magnitude. Figure 6 . Residuals (observed MMI-predicted MMI) for predicted MMI from the ground-motion parameters using equation (1) for observations on soft soil (empty circles) and average rock (black circles) as a function of epicentral distance.
The intensity data were determined using two approaches: local intensity and general intensity. The separation of the local site conditions has proven to be of practically no influence on the subsequently developed relationships. The data were fitted with a simple linear regression, considering the mean values of the ground-motion parameters. The study of Cabanas et al. (1997) was focused on the study of correlation between two macroseismic parameters-local site intensity and observed damageand two instrumental parameters obtained from strong- Table 4 Regression Coefficients of Equation (3) Figure 7 . Residuals (observed MMI-predicted MMI) for predicted MMI from the ground-motion parameters using equation (3) for observations on soft soil (empty circles) and average rock (black circles) as a function of moment magnitude. Figure 8 . Residuals (observed MMI-predicted MMI) for predicted MMI from the ground-motion parameters using equation (3) for observations on soft soil (empty circles) and average rock (black circles) as a function of epicentral distance.
motion records: I a and CAV computed for five different thresholds. The study does not take into account the local soil conditions, the I a and CAV mean values were fitted with a simple linear regression, and the data set consisted of 50 records. Keeping in mind the differences in terms of the earthquake locations, the number of observations, the range of intensities, the ground-motion parameters, the local soil condition, and the statistical technique to fit data that exist between the present study and the previously described studies, the graphical comparison of these relationships is presented in Figures 9-12 . Figure 9 shows the comparison between the present MMI-PGA empirical relationship with those proposed by Theodulidis and Papazachos (1992) and Koliopoulos et al. (1998) . This comparison shows that the slope of the present empirical MMI-PGA relationship is in good agreement with the relationships proposed by Theodulidis and Papazachos (1992) . The slopes are almost parallel, but with lower PGA values for given intensities on rock local soil category and higher PGA values on alluvium. This difference might be explained by the fact that we have not treated the rock or the alluvium sites separately. Also, the number of the observations as well as the uneven distribution of these observations at each MMI level, together with the different regression techniques involved (weighted least-squares regression, two stage least-squares regression, simple least-squares regression) in fitting the data, might partially explain these differences. Figure 10 illustrates the comparison of the present MMI-PGA relationship with those selected for comparison. With reference to this figure, it can be seen that our predictive equations give higher PGV values than the relationships proposed by Theodulidis and Papazachos (1992) . For low intensity levels, our predictive model provides the highest PGV values, and then the values are attenuated as the intensity is increased. This could partially be attributed, as in the case of PGA, to differences in the distribution of the observations regarding the local soil conditions and the distribution at each MMI level. Nevertheless, the compared relationships were obtained by fitting the total number of observations, whereas the present relationships were obtained by fitting the MMI versus the mean values of the ground-motion parameters.
Differences between the predicted MMI from I a provided by the selected studies can be observed in Figure 11 . The present empirical model predicts I a values smaller than those derived on the other studies. The tendency of slope corresponding to the present MMI-I a relationships is slightly different than the one proposed by Koliopoulos et al. (1998) . As can be seen in Figure 11 , the proposed MMI-CAV relationship exhibits a similar trend with the relationship proposed by Koliopoulos et al. (1998) , the lines are almost parallel, and the present relationship exhibits higher values. However, these differences are difficult to explain because, apart from the different ground-motion data set used, the definition of the MMI scale might introduce some scatter, although it is declared as modified Mercalli in all of the studies (Theodulidis and Papazachos, 1994) .
In earthquake engineering practice, the MMI VI is considered a conservative reference point for earthquake damage, with the reasonable engineering assurance that no damages will occur to buildings of good design and construction. It has been reported that earthquakes in Greece cause damage (MMI > VI) when PGA exceeds 90 cm=sec and PGV exceeds the value of 5 cm=sec (Papazachos and Papazachou, 1997) . The PGA and PGV values associated with MMI VI predicted in this study are in good agreement with these values, equal to 89 and 6:5 cm=sec 2 , respectively. Moreover, the CAV value established to determine whether the operating basis earthquake (OBE) has been exceeded after the occurrence of a seismic event at a nuclear power plant (Reed and Kassawara, 1990 ) was found to be equal to 300 cm=sec. This threshold was obtained in a conservative way and corresponds to a lower limit of the MMI VII. Indeed, the present MMI-CAV relationship predicts a CAV value associated to the MMI VII equal to 277 cm=sec.
The present study reports for MMI VII a value of I a equal to 19 cm=sec, which is in the good agreement with the I a value (20 cm=sec for MMI VI-VII) observed by Perkins (1998) for San Francisco Bay area. The slight difference between these values might be partly due to the differences between the Greek and American records and due to the inherent statistical variability in the intensity ground-motion relationship. In summary, due to the large amount of data used, it can be concluded that the proposed predictive relationships for MMI from various ground-motion parameters can be accepted as an update of the relationships proposed by Theodulidis and Papazachos (1992) and Koliopoulos et al. (1998) .
Conclusions
The present study investigates the relationships between various ground-motion parameters and earthquake intensity-quantified by MMI for Greece. The data set contains time history records and macroseismic observations from earthquakes recorded in Greece from 4 November 1973 to 7 September 1999. Two predictive models were used to estimate the MMI from the selected ground-motion parameters. One was based on the mean ground-motion values observed at each MMI level, described by equation (1), and the other was based on the whole data, described by equation (3).
The scatter associated with the MMI prediction from mean values was large and the uncertainty of the MMI prediction was within one to two units in most cases. The model was obtained independent of the magnitude and epicentral distance. If the magnitude and epicentral distances are known, then the second model may be used. The variability in MMI prediction associated to the second predictive model was reduced and the uncertainty of the MMI prediction might be within one-half to one unit.
The lowest standard deviation observed for the first model was observed for PGA, while for the second predictive model, the I a exhibited the lowest variability. PGA and I a are well recognized to reflect the higher frequency components of a ground motion. The local site effect was taken into account by incorporating a dummy variable accordingly to the soil classification. It was found that the current classification on rock and soft soil has a very little influence on the prediction MMI from PGV.
The dependence of the magnitude and epicentral distance was investigated for each ground-motion parameter, and it was observed that the predictive MMI from PGA is dependent on both magnitude and epicentral distance. For the other parameters, the magnitude influence was found not to be statistically significant, and thus was not incorporated in the predictive model. The data are characterized by high-frequency, lowenergy, short-duration, nonimpulsive records. The prediction of MMI from PGA is affected by magnitude and epicentral distance, while the MMI prediction from PGV, I a , or CAV is affected by epicentral distance. The study recommends the use of I a or CAV for rapid damage assessment tools like ShakeMap. Regardless of that application, the availability of such relationships for a specific region provides a direct link between earthquake hazard evaluation and assessment of the historical earthquakes for which no instrumental data are available. We emphasize that these relationships should be used with care, due to the inherent statistical variability in predicting MMI such that the results cannot be better than about one-half to one unit for a site or event.
